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Introduction {#sec1-1}
============

Traumatic brain injury (TBI) has been one of the leading causes of death and disability worldwide (Tan and Hutchinson, 2018; Kinder et al., 2019). The primary and secondary injuries tend to result in poor prognosis. Even when timely and effective post-traumatic intervention is received, survivors may be left with physical disabilities and neurological deficiencies (Henry et al., 2018; Morganti-Kossmann et al., 2018; Zibara et al., 2019).

Because of the refractory and prognostic uncertainty of TBI, neurological functional evaluation is of extraordinary significance (Ouyang et al., 2018), especially during rehabilitation, as neurological evaluation can accurately reflect the efficacy of rehabilitation and provide direction for subsequent treatment (Brochard et al., 2010; Mumford et al., 2010). Up to now, many scoring scales have been developed and are widely used in the field of neurology. Among the scales, motor ability is a particularly important indicator that has been evaluated intensively. It determines whether an individual is able to act autonomously or have a self-healing capacity after nerve injury or nervous system disease. In basic research, many scales have been used for the neurological evaluation of rodents and mammals. As early as the 1980s, Bederson et al. (1986) and McIntosh et al. (1989) proposed the use of scoring scales to assess the motor function of rats with brain injury, which are still in use to date. In the studies addressing TBI in big animals, there are limited motor function scales. The Modified Glasgow Coma Scale (Platt et al., 2001; Beltran et al., 2014) and Purdy scoring scales (Purdy et al., 1989) have been used in some studies in canines. In clinical practice, the Fugl-Meyer scoring system may be the most classic and comprehensive scale in the field of rehabilitation, and it has been used in numerous studies including clinical trials related to motor impairment following stroke and TBI (Fugl-Meyer et al., 1975a, b; Gladstone et al., 2002). These scoring scales reflect the neurological motor status of animals or humans after TBI and other nervous system diseases. They are of certain guiding significance for basic research and clinical practice. However, the subjective consideration and personal orientation of the evaluator and the sample size may generate biases that largely restrict the effectiveness and accuracy of the evaluation.

We considered whether there are any new methods that can independently characterize the motor status of experimental subjects in an easy-to-understand way and extract accurate data to explain and verify the real-time status. Therefore, we used three-dimensional motion capture, electromyogram (EMG) and ground reaction force (GRF) based on the anatomical structure of joints and muscles, to reveal the kinematic and mechanical characteristics and related functional changes of neurological deficiencies from an assessment of motion composition overall. Up to now, similar techniques have been used in basic studies of spinal cord injury. However, these techniques have been rarely used in TBI research and clinical practice, and it would be very valuable to validate these techniques and develop similar evaluation systems for TBI.

Materials and Methods {#sec1-2}
=====================

Experimental animals {#sec2-1}
--------------------

Six 1-year-old male beagles, weighing 11--14 kg, were purchased from Fang Yuanyuan Animal-Feeding Center, Beijing, China (license No. SCXK 2014-0012). They were randomly assigned into a control group (*n* = 3) or model group (*n* = 3). The experimental protocol was launched under the approval of the Animal Care and Use Committee of Logistics University of People's Armed Police Force in China (approval No. 2017-0006.2). All invasive operations in animals were performed under general anesthesia to minimize the suffering of the animals.

Establishment of TBI models {#sec2-2}
---------------------------

Before anesthesia, the canines were subjected to fasting for 8 hours and water deprivation for 4 hours. Then, general anesthesia was followed by intramuscular injection with pentobarbital sodium at a dose of 30 mg/kg. The canine tongue was drawn out gently and endotracheal intubation with mechanical ventilation was performed to make sure there was an adequate oxygen supply throughout the operation. Normal saline was also administered via intravenous infusion of the hindlimb. Except for general anesthesia, the canines in the control group received no surgical interventions. In the model group, the canines were subjected to traumatic cortical motor area injury on the left side after bone window craniotomy and the dura mater was opened. The canines were first immobilized in a prone position with four limbs fixed onto the table at the functional position of the joints to avoid joint injuries or peripheral nerve and blood vessel entrapments; then, the whole area of the head was shaved and the flaps were designed along the boundaries of temporal muscle to minimize the injury on the right side. After shaving, the area of operation was sterilized with iodophor and covered with a sterile towel. A curve incision was made on the scalp, and the subcutaneous tissue was exposed. The temporal muscle was bluntly separated, and the bony window was designed with a 3.5-cm long axis, 3-cm short axis and 0.5 cm away from the midline after the removal of periosteum and hemostasis. The bony window was opened with a hand-held cranial drill (RWD Life Science Company, Shenzhen, China) and the sectional edge of the skull was sealed with bone wax to prevent bleeding. A cross-shaped incision was made on the dura mater and suspended on the bone edge. A large vein was used as a reference marker on the surface of the cerebral cortex. A standardized injury was made near the leading edge of the marked blood vessel in the right cerebral hemisphere using a modified electric Cortical Contusion Impactor (eCCI; RWD Life Science Company), with a modification on the impact probe from 2 mm to 8 mm in diameter. The parameters were set as 9.99 mm in depth, 5.34 m/s in speed and 255 ms in dwell time. After impacting, the traumatic foci were rinsed with warm normal saline and the necrotic tissue was removed carefully with a meninges detacher and tissue forceps under an operating microscope. Gelatin sponge was applied to the periphery and base of the traumatic foci to deal with bleeding thoroughly. The relaxation suture of the dura mater was performed with an artificial dura patch by using absorbable 6/0 surgical sutures and the bleeding problems were resolved with a bipolar coagulation system (GN060, AESCULAP AG & CO.KG, Tuttlingen, Germany). The scalp was sutured with the subcutaneous tissue using absorbable 4/0 surgical sutures and the wound was disinfected with iodophor.

The canines were kept at a constant temperature until recovering from anesthesia, extubated and housed in cages separately with drinking water and liquid diet available *ad libitum* in a soundproof room. The canines were given penicillin at a dose of 3 × 10^4^ U/kg twice a day by intramuscular injection for 5 continuous days. Buprenorphine hydrochloride for pain relief was infused once a day for 3 consecutive days at a dose of 0.03 mg/kg.

Three-dimensional motion capture {#sec2-3}
--------------------------------

EMG and GRF were used to evaluate the motor function 2 months post-operation, which were performed and recorded using the Vicon Motion Capture System (Oxford Metrics Limited, Oxford, UK) composed of six high-speed cameras. We adjusted the visual field of the system (**[Figure 1A](#F1){ref-type="fig"}**) and then attached four fluorescent markers around the four major joints (named as joints a, b, c and d) of each hindlimb. The endpoint in this study was set to measure the real-time height of the lowest point of the limb when the animal was walking (**[Figure 1B](#F1){ref-type="fig"}**); real-time height of this lowest point, angle of joints b and c, and the trajectory of each joint along with the distance variation were also photographed and recorded by the cameras by capture of the markers when walking (**[Figure 1C](#F1){ref-type="fig"}**). The speed of the treadmill was set at 1.5 km/h throughout the whole process.

![Construction of the motion capture platform.\
(A) High speed cameras were placed around the treadmill and the visual field was adjusted before motion capture. (B) Four markers were attached to each side of the hindlimbs and an endpoint (▴) was set simultaneously. L: Left hindlimb; R: right hindlimb; a--d: major joints. (C) Localization of the markers in the motion capture system. 1--6: High speed cameras 1--6.](NRR-14-991-g002){#F1}

Electromyogram {#sec2-4}
--------------

As the biceps femoris is the major muscle of the limb muscle group, we detected and recorded its real-time EMG signals. Two bipolar electrodes and an EMG sensor were attached to the shaved, cleaned and alcohol-treated skin at the middle third of the distance between the ischial tuberosity and patella of bilateral hindlimbs based on anatomical descriptions of muscle locations (Marras and Davis, 2001; Breitfuss et al., 2015; Alizadeh et al., 2016). The sampling frequency was set as 1500 Hz when walking. EMG data were collected with DTS EMG sensor system (Noraxon, Scottsdale, Arizona, USA) (**[Figure 2A](#F2){ref-type="fig"}**).

![Surface electromyogram (sEMG) and vertical ground reaction force (vGRF) changes in the traumatic brain injury (TBI) beagle model.\
Damage was localized in the right cerebral cortex. (A) Schematic diagram of sEMG and vGRF detection. (B) Voltages of sEMG on bilateral hindlimbs in the control group were similar under the sampling frequency of 1500 Hz. (C) sEMG changes were regular and symmetric between the left and right hindlimb in the control group. (D) Voltage of sEMG on the right hindlimb was significantly higher than that of the left hindlimb. (E) The curve of sEMG change on the left hindlimb was almost a straight line that was asymmetrical with the right hindlimb in the model group. (F) Average sEMG voltage of the right hindlimb was significantly higher than that of the left hindlimb. (G) The curve of vGRF change was irregular in the model group and regular in the control group. (H) Average force of the right hindlimb was significantly higher than that of the left hindlimb. RHL: Right hindlimb; LHL: left hindlimb; L: left; R: right. Data in [Figure 2F](#F2){ref-type="fig"} and H are expressed as the mean ± SD, and analyzed by independent-sample *t* test. \*\**P* \< 0.01.](NRR-14-991-g003){#F2}

Ground reaction force measurement {#sec2-5}
---------------------------------

The detection device we used was AMTI force platform (Advanced Mechanical Technology Inc, Watertown, Massachusetts, USA). A treadmill was prepared and placed on the force platform with the canine. The initial force was zeroed at the beginning of each measurement. The step force in the direction of the *Z*-axis was detected as vertical GRF (vGRF) when walking.

Statistical analysis {#sec2-6}
--------------------

The quantitative data, including height, amplitude and force, were recorded as the mean ± SD. Statistical analyses were performed with the software SPSS 22.0 (IBM, Armonk, New York, USA). Independent-sample *t*-test was performed and significant differences between groups were determined as *P* \< 0.05 and *P* \< 0.01.

Results {#sec1-3}
=======

Gait characteristics in the TBI beagle model {#sec2-7}
--------------------------------------------

After 2 months of rehabilitation, the motor function evaluation was performed by three-dimensional motion capture. Gait analysis consisted of angle changes, distance variation and trajectory. Trajectories of the four left joints in the direction of the *X*-, *Y*- and *Z*-axis were normal in the control group but irregular in the model group (**Figure [3A](#F3){ref-type="fig"}--[H](#F3){ref-type="fig"}**). Changes of the distance from the calibration point of the four left joints in the model group were irregular. Angle changes of joints b and c of the left hindlimb in the model group were irregular (**Figure [3C](#F3){ref-type="fig"}**, **[D](#F3){ref-type="fig"}**,**[G](#F3){ref-type="fig"}**, and **[H](#F3){ref-type="fig"}**). The changes in the endpoint height of the left hindlimb in the model group were irregular and significantly lower than those of the right hindlimb (**Figure [3I](#F3){ref-type="fig"}--[K](#F3){ref-type="fig"}**; *P* \< 0.05).

![Gait analysis outcomes of the hindlimbs in the traumatic brain injury (TBI) beagle model.\
(A) Trajectory of each joihindlimbsnt was regular in the control group. (B) Motion trajectories of the left and right hindlimbs were regular and symmetric in the control group. (C, D) Regular changes were found in the joint trajectory, step length and joint angles (b and c) in the control group. (E) Trajectory of each single joint was irregular in the model group. (F) Motion trajectory of the left hindlimb was irregular and asymmetrical with that of the right hindlimb in the model group. (G, H) Changes of joint trajectory in the red dotted line frame, step length and joint angles were irregular for left hindlimb and regular for the right hindlimb in the model group. (I) Height changes were regular for bilateral hindlimbs in the control group, indicated by the area diagram. (J) Height change of the left hindlimb was significantly lower than that of the right hindlimb in the model group. (K) Average height of the right hindlimb was significantly higher than that of the left hindlimb. Joint trajectory is marked by red arrows in E and F. RHL: Right hindlimb; LHL: left hindlimb; L: left; R: right. Data are expressed as the mean ± SD, and analyzed by independent-sample *t*-test. \**P* \< 0.05.](NRR-14-991-g004){#F3}

Electromyogram characteristics in the TBI beagle model {#sec2-8}
------------------------------------------------------

The EMG detection results of the bilateral hindlimbs were very similar in the control group (**Figure [2B](#F2){ref-type="fig"}** and **[C](#F2){ref-type="fig"}**), whereas there was almost no signal of the left hindlimb in the model group (**Figure [2D](#F2){ref-type="fig"}** and **[E](#F2){ref-type="fig"}**). The average voltage of the left hindlimb in the model group was significantly lower than that of the right hindlimb (**[Figure 2F](#F2){ref-type="fig"}**; *P* \< 0.01).

Ground reaction force characteristics in the TBI beagle model {#sec2-9}
-------------------------------------------------------------

The vGRF showed regular changes in the control group, but was irregular in the model group, especially for the left hindlimb when walking (**[Figure 2G](#F2){ref-type="fig"}**). Additionally, vGRF of the left hindlimb was lower than that of the right hindlimb in the model group (**[Figure 2H](#F2){ref-type="fig"}**; *P* \< 0.01).

Discussion {#sec1-4}
==========

TBI is a serious public health problem worldwide that causes death and disability, such as cognitive deficits, dysphasia, and hemiplegia (Royo et al., 2003; McConeghy et al., 2012; Shi et al., 2012). If the disease cannot be assessed effectively, patients are likely to miss the optimal therapeutic opportunity. As a complex disease, damage to motor function caused by TBI is sometimes hidden, and it is difficult to detect intrinsic neurological deficits by observing the symptoms and signs superficially.

Bones, joints, and muscles are essential components of body movement. In this study, we used the motion capture system to show the real-time motion state, particularly of the four major joints represented by a, b, c and d, which were equivalent to the toe, ankle, knee and hip joints, respectively. The main endpoint was to observe and detect the limb height in real time, reflecting the ability of the limb to work against gravity. There is evidence that central nervous system circuits may provide an explicit representation of limb endpoint kinematics (Bosco and Poppele, 2001). Moreover, neurobehavioral experiments have suggested that the limb endpoint is the primary variable used to coordinate locomotion in animal models (Courtine et al., 2005) and humans (Ivanenko et al., 2008). In addition, the lower limb endpoint is a relevant neurological variable to encode and organize movements of the lower limbs (Wenger et al., 2014). When walking, each joint has its own trajectory. Under uniform motion, the trajectory of the joint without motor deficits is regular; irregular trajectory indicates the joint is unstable. In our study, the trajectories of the four major joints of the left hindlimb in the model group were obviously irregular compared with the right hindlimb. Further, we observed the angle variations of joints b and c, and the joints of the model group showed greater variability than those of the control group. Significant differences in the stride were also found between the groups. Irregularities appeared in all measures of the left limb in the model group, reflecting abnormalities of the joint activity and the sensitivity and effectiveness of the motion capture system.

Surface EMG (sEMG), also called dynamic EMG, was used in this study, and the collection frequency we chose was based on previous related studies (Chow et al., 2012; Breitfuss et al., 2015). The variations of sEMG largely reflect the changes of muscle activity and the characteristics of central nervous system control, such as the local fatigue degree of muscle activity, muscle strength, muscle activation mode, excitation speed of a motor unit, and multiple muscle coordination. To date, sEMG has been used in many basic research studies and clinical applications (Robert et al., 1999; Licka et al., 2004), especially in the field of TBI, stroke and other neurological diseases, in which the assessment of neuromuscular function and rehabilitation has been a hot topic and a focus for product development. Generally speaking, compared with the classic needle EMG, which is usually used in small animals for the exact measurement of specific muscle groups (Bockstahler et al., 2009, 2012), sEMG is still in the development stage. It uses a non-invasive portable device, and sEMG recordings represent a summation of signals from the target muscles and adjacent muscles because of the "crosstalk" detection (Bockstahler et al., 2009, 2012).

GRF variations can be also detected in real time. Although it may be possible that the GRF varies between a treadmill and land, a previous study has shown that there is no significant difference in vGRF between these conditions (Drüen et al., 2010; Kluitenberg et al., 2012). Furthermore, to eliminate the measurement error caused by individual weight, we put each canine and treadmill on the force platform and zeroed the initial force for each measurement. The GRF in this study was divided into two directions including the *Y*- and *Z*-axis, and we used standard techniques to measure vGRF. The sensitivity of this method was very high, and easily identified the limb dysfunction. When neurological deficits occur, in particular once the motor-control nerve is injured, joint stability, diastole and contraction of the muscle are restricted, directly leading to limb weakness and difficulty in supporting the body weight. Even during short-term exercise, fatigue will appear early and be more obvious than in the normal condition.

Over the years, various methods have been developed to analyze locomotor function and neurological changes in small laboratory animals like rodents (Kappos et al., 2017). To gain experience with the newly developed Basso, Beattie, and Bresnahan scoring method (Basso et al., 1995), Frank Hamers developed the CatWalk gait analysis method and computer program in 1996 (van de Meent et al., 1996), which tested forelimb-hindlimb coordination in an open field (Kappos et al., 2017). Today, similar systems, such as motion capture, EMG and GRF systems, have been used in many fields. However, few of these techniques have been combined in one study to analyze the movement process comprehensively and provide insight into potential relationships between locomotion and neurological defects (Cullen et al., 2017). Similar techniques have been used in some basic and clinical studies in recent years. For example, Grégoire Courtine and colleagues have applied these methods in their research concerning spinal cord injury and have demonstrated the advanced features of these techniques (Wenger et al., 2014; Capogrosso et al., 2016). Other uses have also emerged in basic research, clinical diagnosis, rehabilitation engineering, sports medicine, geriatrics and other fields.

Traditional scoring scales of neurological evaluation no longer meet the requirements of modern research and needs of clinical practice (Neckel et al., 2018). Also, various kinds of scoring scales have been applied in experimental studies and clinical assessments. However, different experimenters or clinicians may achieve different scoring results that could lead to radically different treatment directions. Thus, it is necessary to develop accurate and objective methods to meet these needs (Jiang et al., 2018). There are some limitations of the present study. Limited samples may affect the results, and larger sample sizes will be beneficial for instrument parameter adjustment. Apart from experimental studies, specific parameters will be needed for this system to be used in clinical practice. Moreover, the results may be more convincing if the observation time had been prolonged; this will be necessary to study for translation of the system to clinical practice, as subtle changes in kinematic state can appear over time in patients, especially in those with a long disease course. Additionally, although we have demonstrated that small skull defects or defects located under the temporal muscle and occipital muscle have no adverse effects on neurologic manifestations in our previous experiments (Jiang et al., 2018), the present study did not include a sham-operated control group, which would rule out any underlying effects of the craniotomy and dura incision; this will be addressed in future studies. These techniques have great potential as a guide to assess the efficacy of TBI treatment and rehabilitation.
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